The mutation drpAl defines a new gene in Escherichia coli K-12 that maps at about 5.2 min. This mutation was obtained after enriching a population of cells for temperature sensitive dna mutations with the [3HJthymidine "suicide" technique followed by screening for mutants defective in transposon TnS precise excision. When growing cells carrying the drpAl allele were shifted to the nonpermissive temperature, we showed that DNA, RNA, and protein syntheses shut off quickly, with the cessation of RNA synthesis occurring first. A recombinant plasmid between pBR322 and an HindIll fragment from wild-type E. coli restores the growth defect in drpAl mutants. Using transposon TnS mutagenesis of this plasmid, we have been able to correlate the presence of a 68-kilodalton protein, as observed with the maxicell technique, with the ability of this plasmid to restore growth to drpAI mutants.
The use of Escherichia coli K-12 in the genetic analyses of biological processes allows the isolation of mutations in genes of already known function. Thus, it may be possible to infer mechanistic details from the simple knowledge of the map position of a mutation (10) . We have been using this approach to study precise excision, one of the genetic rearrangements associated with bacterial transposons (17) . Transposons frequently cause gene-inactivating insertion mutations; precise excision is the reversion of these mutations with the concomitant loss of the transposon. For example, the transposon TnS, which encodes a kanamycin resistance gene, can insert into the lacZ gene to give a LacKanr strain. A precise excision event yields Lac' Kans revertants often enough to allow the isolation of strains with mutations affecting this process (8, 11, 12) .
In this paper we present the characterization of a mutant obtained in the course of isolating mutants that were defective in both chromosome replication and precise excision. We searched for such a mutant in an attempt to obtain direct evidence for the postulate that precise excision may occur during DNA replication.
The first mutation characterized in this series, drpAI, maps to a previously undescribed gene and is highly pleiotropic, affecting the biosynthesis of a variety of macromolecules, as well as precise excision. In this paper we present the genetic analysis and characterization of drpAl.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains are listed in Table 1 . Genetic techniques. All genetic manipulations were as described by Miller (22) . Rich medium is tryptone-yeast extract broth, and minimal medium is M9 supplemented with 0.5% glucose. The Casamino supplement is 0.5% decolorized, vitamin-free Casamino Acids (Difco Laboratories) (24) .
Transduction for metD+ was performed by transducing a metD metB strain to growth on minimal medium supplemented with D-methonine and scoring only those that then failed to grow on minimal medium.
Mutant isolation. The mutant isolation procedure was adapted from that of Fangman and Novick (7) . After strain SY270 was mutagenized with ethyl methanesulfonate, the cells were grown to the log phase at 30°C in minimal medium. The culture temperature was shifted to 42°C, 10 ,uCi of [3H]thymidine was added, and the cells were grown for 2 h. Cells were harvested and frozen at -20°C. After 6 weeks a 3-log decrease in titer had occurred, and the cells were thawed and allowed to grow to saturation at 30°C. Dilutions were plated on MacConkey lactose agar medium, and low-papillating mutants were isolated as described previously (11, 12) .
Plasmid constructions. Plasmid DNA purifications, restriction enzyme digestions, and ligations were as described by Maniatis et al. (21) . pKFL1 was isolated by inserting HindIII-digested chromosomal DNA (from SY203) into pBR322 and selecting for complementation of drpAI in SY356.1. The pKFL1-containing clone was recognized as a colony that grew faster at 30°C than did SY356.1 and grew normally at 42°C. pKFL2 was isolated after cutting pKFL1 with BamHI, religating, and selecting for an Ampr transformant of SY356.1 that grew faster than did SY356.1 at 30°C and again grew normally at 42°C.
Preparation of maxicells and polyacrylamide gel electrophoresis. Maxicells were produced from SY918 (recA) by the methods of Sancar et al. (27) and Isberg et al. (14) . SY918 was transformed with each of the pKFL series of plasmids. Cells were grown to an absorbancy at 600 nm of 0.5 in minimal medium, irradiated with UV light, incubated in growth medium for 24 h in the presence of cycloserine, and labeled with 10 ,uCi of [35S]methionine for 30 min. Cells were then harvested and prepared for 0.1% sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis.
Biosynthetic assays. (i) DNA synthesis (pulse-labeling). thyA deo strains, SY732 and SY733, which had been grown up overnight in minimal M9 glucose (0.2%) with thymine (10 ,ug/ml) (7) was screened for precise excision mutants. A thyA lacZ::TnScontaining strain (SY270) was mutagenized with ethyl methanesulfonate and labeled at 42°C with [3H]thymidine as described above. The mutagenized and labeled cells were harvested, frozen, and stored at -20°C for 3 weeks. Bacteria in which DNA is labeled with [3H]thymidine are killed as the 3H decays, whereas mutants that fail to incorporate the label at 42°C survive. Surviving cells were grown at 30°C and then plated on MacConkey lactose agar media. The Lac-parental strain makes white colonies that give rise to numerous red Lac' papillae, which represent precise excision events of the TnS in lacZ. We searched for clones that gave very few Lac' papillae. These were then screened for variants that were also temperature sensitive for growth. Those that failed to grow at 42°C were then tested for their precise excision frequency at 30°C by measuring the number of Lac' clones that arose from the total population. We found 16 temperature-sensitive mutants whose precise excision frequency was 5-to 15-fold lower than that of the ancestral strain, SY270. Most of the subsequent characterization was concentrated on one of these mutants, called drpAL. This particular strain was reduced fivefold for precise excision.
Mutational analysis shows that the temperature-sensitive and precise excision phenotypes of these mutants arise by a single mutational event. When strain SY356.1, which contains drpAl, is plated at 42°C, about one spontaneous revertant appears for every 2 x 107 to 5 x 107 cells plated. Of eight temperature-resistant revertants tested, we found that all gave the Lac' excision phenotype of the ancestral SY270, as measured by calculating the frequency from the number of Lac' clones that grew on minimal lactose medium (data not shown). The simplest explanation for this result is that a single mutational event produces both the temperature-sensitive and precise excision phenotypes. In addition, in the course of mapping drpAl (see below), we found that the precise excision phenotype, as determined by colony papillation, cotransduced 28 of 28 times with the temperaturesensitive phenotype.
Mapping drpAl. The drpAl mutation was mapped by first inserting a TnJO transposon into a site that was linked by P1 transduction to the temperature-sensitive allele in SY356.1 by the procedure of Kleckner et al. (18) . An approximate map position for drpAl was obtained when we found that this TnJO was closely linked to A(lac-pro)x1Il. In a series of two-factor P1 crosses testing linkage of the ts allele in drpAl and the TnJO insertion, which was consequently designated zai::TnJO, to metD, proC, and proA, we obtained the linkage data shown in Fig. 1 . It should be noted that drpAl is cotransducible with metD and proA.
In addition, we obtained from E. Cox a mutant with zae-13::TnlO, which is known to be 99% linked to a mutD allele of dnaQ. We showed that zae- We have not ordered drpA directly with respect to dnaQ and rnh, which are essential genes affecting nucleic acid metabolism known to be in this region (4, 16, 20) . However, on the basis of linkage to zae-13: :TnlO, these two appear to be at a different locus. In addition, other lines of evidence indicate that drpA is in neither of these genes. dnaQ encodes a subunit of DNA polymerase III holoenzyme. Mutations in this gene have a mutator phenotype (28) . drpAl has no mutator phenotype at 30°C, even though the mutation significantly slows cell growth at this temperature. rnh encodes RNase H, an enzyme that degrades RNA chains in RNA-DNA duplex structures (4) . Enzyme extracts from drpAl cells grown at a variety of temperatures have normal levels of RNase H activities (this laboratory, unpublished data; Robert Crouch, personal communication). Finally (see below), the properties of a recombinant plasmid that complements drpAl also indicates that drpA is neither dnaQ nor rnh.
Properties of recombinant plasmids that complement drpAl. We constructed a clone with fragments of DNA from wild- (27) . Figure 3 shows sulfate-polyacrylamide gel that was used to fractionate the preferentially labeled plasmid proteins. Strains that carry those plasmids that are drpA+ (Fig. 3, lanes a, b, f, and g ) synthesize a prominent 68-kd protein. This protein is absent in the pKFL1::Tn5 derivatives that fail to complement drpAl (Fig. 3, lanes c, d, and e) . The most straightforward explanation for this result is that the 68-kd protein is the product of drpA. We cannot eliminate the possibility that the 68-kd protein is encoded by a gene in an operon that also contains drpA (whose product remains unseen) and that loss of the 68-kd protein is caused by polarity or some other secondary effect. This 68-kd protein is encoded on the 2.9-kilobase HindIII-to-BamHI fragment (Fig. 2) , which is large enough to encode an additional 40 kd of polypeptide.
RNase H and the dnaQ protein are 43 and 25 kd, respectively. No proteins of that size are evident in the maxicells carrying any of the pKFL plasmids.
drpAl mutant is defective in macromoleculair synthesis. The drpAl mutant was isolated from a population of cells that had been enriched for mutations defective in DNA synthesis. We were next interested in showing that the drpAl mutant was, in fact, defective in DNA synthesis and in ascertaining whether the drpA product is directly involved in the DNA synthetic apparatus.
The in vivo rates of DNA synthesis in the isogenic drpAl (SY732) and drpA+ (SY733) strains were performed by growing the two strains at 30°C, shifting the temperature to 420C, and then measuring incorporation of [3H]thymidine pulses into 10% TCA-insoluble material (29) . We found that incorporation of 3H in drpAl ceased imnmediately after the temperature shift (data not shown). To measure the rate at which DNA synthesis was reduced, the assay temperature was lowered to 38°C. At this temperature incorporation of 3H into the drpAl strain was significantly reduced 20 min after the temperature was shifted (Fig. 4) .
Since the above result may be due to a general collapse of macromolecular synthesis at the nonpermissive temperature, we (Fig. 5) . Next we measured the rate of RNA synthesis in the drpAl mutant. The experiment in Fig. 6 shows the incorporation of pulses of [3H]uridine into growing cells after the shift to 38°C; RNA synthesis abruptly stops in the mutant. In fact, the rate of RNA synthesis decreases even more rapidly in the mutant than does the rate of DNA synthesis (compare Fig. 6 with Fig. 4 (6) . The possibility of an ATP deficit was pursued further because it has been reported that a temperature-sensitive mutation in the gene for adenylate kinase isolated in E. coli B blocks DNA, RNA, and protein syntheses (9) . The activity of this enzyme apparently recycles ADP back into ATP. We therefore assayed adenylate kinase activities in cell-free extracts from both the ancestral drpA+ and drpAl strains. Extracts were prepared from cells grown at 30°C or from cells shifted to 40°C and were assayed at both 30 and 42°C. Adenylate kinase activities were the same in extracts prepared either from drpAl or from drpA+ strains (data not shown).
An essential enzyme in RNA and DNA biosynthesis is UMP kinase, which converts UMP to UTP. The structural gene for this enzyme has not been mapped precisely in E.
coli, but appears to be located between 4 and 5 min (13) . To test whether the drpAl mutant could correspond to this gene, we measured the levels of UMP kinase both in vivo and in vitro. In establishing the conditions for this assay using the wild-type control, we could only see incorporation of label into TCA-insoluble material when the assay temperature was 30°; there was no detectable activity at 35 or 40°C. This result was reported earlier by Moses and Richardson (23) . We therefore assayed both the ancestral SY747 and SY748 at 30°C. Cells to be assayed either were grown at 30°C or were grown at 30°C and then shifted to 42°C for 40 min before harvesting (Fig. 7) . There are two types of activity in this system: an ATP-dependent activity that corresponds to DNA replication and an ATP-independeni activity that corresponds to DNA repair synthesis (23) . The ATP-independent activity was the same in both drpA' and drpAl strains; however, the ATP-dependent activity was different. Wildtype cells whose temperature had been shifted to 42°C before harvesting had less activity than those that had been grown just at 30°C; the ATP-stimulated activity was reduced by 60%. In drpAI cells, on the other hand, the 42°C Liebke and Speyer (19) . The map positions of the two mutations, however, are entirely different. Because a defect in DNA synthesis is also observed in the partial in vitro assay, which uses toluenized cells, the drpAl mutation may directly affect DNA replication as well. We are considering two possible explanations for these results. One is that the wild-type drpA product is part of the enzymatic apparatus for synthesis of RNA, and that this product is also used in DNA replication. A second possibility is that drpA protein is involved in maintaining proper chromosome structure and that the defect in the drpAl mutant affects RNA synthesis most acutely. A third possibility is that the drpAI protein is an inhibitor of RNA and DNA synthesis. This, however, is unlikely because the mutation is recessive to the wild type.
The drpAl mutation was obtained in the course of isolating mutants in which transposon precise excision was affected. An object of these studies is to obtain mutations in E. coli genes of known function to infer details of the precise excision mechanism. This aspect of the analysis must wait until we have a better understanding of drpA gene function.
